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We provide a statistically significant observation of the elusive Odderon exchange, based on novel
and model-independent analysis of the scaling properties of the differential cross sections of elastic
pp and pp¯ scattering in the TeV energy range. We report the statistical significance of the observed
Odderon signal at the level of 6.26σ.
In 1973, Lukaszuk and Nicolescu [1] proposed that
a noticeable crossing-odd contribution called Odderon
may be present in the scattering amplitude of elastic
proton-proton (pp) and proton-antiproton (pp¯) scatter-
ing at asymptotically high energies. In the field theory of
strong interactions, Quantum Chromo Dynamics (QCD),
the Odderon exchange corresponds to the t-channel ex-
change of a color-neutral gluonic compound state consist-
ing of an odd number of gluons, as elaborated by Bartels,
Lipatov and Vacca in Ref. [2]. Although more than 20
years have passed since the theoretical prediction of the
Odderon in QCD, and over 46 years – since the Odderon
concept has been introduced in Regge phenomenology,
the Odderon remained elusive so far due to lack of a
definitive experimental evidence.
A direct way to probe the Odderon in elastic scattering
is by comparing the differential cross-section of particle-
particle and particle-antiparticle scattering at sufficiently
high energies [3, 4]. The first search performed at the ISR
energy of
√
s=53 GeV in 1985 [5] resulted in an indica-
tion of the Odderon at the 3.35σ significance level. That
analysis, however, did not utilize all the available data
in the overlapping acceptance of the pp and pp¯ measure-
ments and did not include the overall (and rather large,
30-40 %) normalization errors. Furthermore, at such a
low energy the Reggeon exchanges are expected to play a
significant role rendering the Odderon search at the ISR
rather inconclusive.
Recently, the TOTEM Collaboration has published a
series of important papers investigating the properties of
elastic pp scattering in the LHC energy range between√
s=2.76 and 13 TeV [6–9]. An increase of the total
cross section, σtot(s), associated with a decrease of the
real-to-imaginary ratio, ρ(s), with energy, first identified
at
√
s=13 TeV [6, 7] indicated a possible Odderon ef-
fect triggering an intense debate (see e.g. Refs. [10–27]).
For example, Ref. [28] demonstrated that this indication
is not unique and can be attributed to the secondary
Reggeon effects reinforcing the elusiveness of the Odd-
eron.
However, the persistent diffractive minimum-
maximum structure in the t-dependent profile of
dσ/dt in elastic pp collisions observed by the TOTEM at
√
s = 2.76, 7 and 13 TeV, and the lack of such structure
in elastic pp¯ collisions measured by D0 [29] at
√
s=1.96
TeV, qualitatively indicate a clear-cut Odderon effect
[12]. Due to these reasons, the TOTEM collaboration
concluded in Ref. [9] as follows: “Under the condition
that the effects due to the energy difference between
TOTEM and D0 can be neglected, the result provides
evidence for a colourless 3-gluon bound state exchange in
the t-channel of the pp elastic scattering”. To the best of
our knowledge, no conclusive experimental results were
published so far with a statistically significant evidence
for an Odderon observation.
In this work, we present a definitive and statisti-
cally significant Odderon observation. This result is
based on a re-analysis of already published D0 [29] and
TOTEM [8, 9, 30] data sets, without the use of any fit-
ting function or theoretical input. Namely, we compare
pairwise the scaling functions constructed at different en-
ergies based upon the available data and look for statis-
tically significant differences within any pair of TeV-scale
pp and pp¯ data sets depending on the collision energy.
Our analysis is based on a novel scaling property of
elastic pp (pp¯) scattering [31]. The scaling function
H(x)=(1/Bσel)dσ/dt, where x=−tB, and
σel=
∫ ∞
0
d|t|dσ
dt
, B=
d
dt
ln
dσ
dt
∣∣∣
t→0
, (1)
is found to be energy independent for elastic pp collisions
between
√
s=2.76 and 7 TeV, as shown in Fig. 1 (left).
Within statistical errors, in the overlapping acceptance
the agreement corresponds to a the confidence level (CL)
of 99%. Combining both the statistical and systematic
errors, the agreement corresponds to a χ2/NDF=35.8/63
in 1.2<x<12.7, with a CL = 100 %. Note, in Fig. 1 the
domain with much larger systematic errors appears due
to the fact that two data sets are measured at 7 TeV
using two completely different acceptances and errors.
We have cross-checked this scaling behaviour at ISR
energies and found that all the differential cross sections
of elastic pp scattering, measured at the ISR energy range
of
√
s=23.5 – 62.5 GeV [32, 33], can be scaled to the
same universal curve [31]. We have also studied the
H(x) scaling for elastic pp¯ collisions in the energy range
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FIG. 1: Left panel indicates that for pp elastic scattering the H(x) scaling function for x=−tB is energy independent in the
energy range of
√
s=2.76−7 TeV. Vertical and horizontal lines on each point stand for the corresponding type A errors. Grey
vertical bars represent the type B (vertical and horizontal) errors. The right panel indicates a statistically significant difference
between the H(x) scaling functions for elastic pp collisions at
√
s=7 TeV and that of pp¯ collisions at
√
s=1.96 TeV at the level
of at least 6.26σ. Here, X→Y denotes projections by exponential interpolation between the two adjacent data points of the
data set X to get its H(x) at the same x as that of the other data set Y to be able to compare them via χ2-method as described
in the text.
of
√
s=0.546 – 1.96 TeV and found that in this case, the
scaling is limited to the diffractive cone, x≤10 only, where
H(x) ≈ exp(−x), but in pp¯ collisions the H(x) scaling is
strongly and qualitatively violated for x>10 values. We
thus propose the validity of the H(x) scaling in elastic pp
collisions together with its violation in elastic pp¯ collisions
in the TeV energy range is as a new Odderon signature,
which follows from the comparison of the left and right
panels of Fig. 1.
The left panel of Fig. 1 indicates that the H(x) scal-
ing is within errors energy independent in the few TeV
energy range, while the right panel compares the H(x)
scaling function of elastic pp collisions at
√
s=7 TeV to
that of pp¯ collisions at
√
s=1.96 TeV. The confidence level
of the agreement of these H(x) scaling functions is max-
imum 3.7 × 10−8 %, with χ2/NDF=80.1/17. Hence, the
difference between these scaling functions is statistically
significant and represents our main result for the Odd-
eron observation as at least 6.26σ effect, with probability,
P=1−CL=0.999999963. This is a conservative result as
we find that this value is robust (can only increase) for
the variation of the procedure and the χ2 definition.
As a cross-check, we have also tested the validity of
the H(x) scaling versus the TOTEM preliminary data
on elastic pp scattering at
√
s=8 TeV [34], and found
that H(x|7TeV)=H(x|8TeV) at CL=100 %, within pre-
liminary errors. Due to lack of direct measurements of pp
and pp¯ collisions at exactly the same energy in the TeV
region, we thus utilize the energy independence of the
H(x) scaling in the LHC energy range of 1.√s.8 TeV,
to evaluate the characteristics of the elastic pp scattering
at the D0 energy of
√
s=1.96 TeV.
The quantification of the Odderon significance is based
on a method developed by the PHENIX collaboration in
Ref. [35] using a specific χ2 definition that effectively di-
agonalizes the covariance matrix. In the PHENIX formu-
lation, the experimental data are compared to a theoret-
ical calculation. In our analysis, we adapt the PHENIX
method for comparison of the data directly to the data,
without referring to any theoretical model.
Following the PHENIX method, we classify the experi-
mental errors of a given data set into three different types:
(i) type A, point-to-point fluctuating (uncorrelated) sys-
tematic and statistical errors, (ii) type B errors that are
point-to-point dependent, but 100% correlated system-
atic errors, and (iii) type C errors, that are point-to-point
independent, but fully correlated systematic errors [35] to
evaluate the significance of correlated data, when the co-
variance matrix is not publicly available. The measured
values of the elastic slope B=B(s) have published exper-
imental errors of type A and B in each of the considered
cases. In addition, at
√
s=7 TeV, the values of |t| were
determined together with their errors of type A and B as
given in Table 5 of Ref. [36] and Table 3 of Ref. [37]. Since
the t-dependent systematic errors in TOTEM measure-
ments are almost 100 % correlated, we classified them as
type B errors, while the t-independent overall normaliza-
tion errors are type C errors, and the statistical errors are
type A errors. We have cross-checked that lower (e.g. 99
%) correlations (that give the same type B errors within
3rounding errors) give within quoted errors the same re-
sults. The t-independent, type C errors cancel out in the
H(x) scaling function by construction since they multi-
ply both the numerator and the denominator of H(x) in
the same way. At
√
s=2.76 TeV, Ref. [9] provides the
total error on B, i.e. not decomposing it into type A and
type B parts. Similarly, such a decomposition of the er-
ror on the TOTEM preliminary value of the elastic cross
section at
√
s=2.76 TeV was not detailed in Ref. [38].
Hence, we treat these errors as of type A since such an
assumption yields a more conservative estimate of the
Odderon significance in our calculations. In Ref. [29],
the D0 Collaboration has published the differential cross-
section for pp¯ elastic scattering with the combined statis-
tical and systematic errors, as well as separate statistical
and systematic errors on their B measurement. We have
fitted the D0 data at
√
s=1.96 TeV within the diffrac-
tive cone to an exponential shape of Aexp(Bt) and have
found that the errors on our fit value of B are very close
to the quadratically added statistical and systematic er-
rors of the corresponding measured value. Hence, we
classify the corresponding systematic errors on the slope
measurement [29] as a type A systematic error. From
this fit, we have also evaluated the elastic cross section
σel = 20.2±1.7A mb, where the total (combined statis-
tical and systematic) error is classified as a type A er-
ror. Adding the type A statistical and systematic errors
of the B measurement of D0 [29] in quadrature, we ar-
rive at the final value of B=16.86±0.10stat,A±0.20syst,A=
16.86±0.224A GeV−2. We noticed that there are no pub-
lished type-B errors
√
s=1.96 TeV D0 differential cross-
section data. We have thus fixed the correlation coeffi-
cient of type B errors to zero. In addition, D0 noted in
Ref. [29], that a 14.4% overall normalization uncertainty
is scaling all of their differential cross section data up or
down, hence this 14.4% is classified as a type C error.
Due to this reason, and due to the lack of a published
value of the elastic cross section at
√
s=1.96 TeV, we have
also investigated the stability of our result for the scaling
of the absolute value of the elastic cross section at this
energy. Our analysis confirms that the minimal Odderon
signal corresponds indeed to the integral of the differen-
tial cross section, 20.2±1.7 mb, in the allowed interval
of 15 ≤σpp¯el ≤ 25 mb. We have also tested that adding a
second exponential to the fitting functions, while keeping
the nuclear slope parameter B at its published value, did
not change the elastic cross section at
√
s=1.96 TeV sig-
nificantly. The values of the nuclear slope parameter B
and the elastic cross section σel, that served as an input
in our analysis, are summarized in Table I, together with
the appropriate references.
We validate the PHENIX method [35] on the published
TOTEM data for the differential cross-section of elastic
pp scattering at
√
s=13 TeV – the only TOTEM data
set where the covariance matrix is published. We find
that the our adapted PHENIX method gives within 1σ
the same minimum as the result obtained with the full
covariance matrix.
We define the significance of a projection between the
two data sets, D2→D1 in their overlapping acceptance.
Denoting the projected data set found by interpolation
as D21, we apply the following χ2 definition [31]
χ22→1=
n21∑
j=1
(dj1+b,1e
j
B,1−dj21−b,2ejB,21)2
(e˜jA,1)
2+(e˜jA,21)
2
+2b,1+
2
b,2,
e˜jA,k=e
j
A,k
djk+b,ke
j
B,k
djk
, ejM,k=
√
(σjM,k)
2+(d′,jk )2(δ
j
M,kx)
2,
where n21 is the number of data points d
j
21 in D21 in-
dexed by j, the same as in D1 but remaining in the over-
lapping acceptance of D1,2 sets, e
j
M,k, k=1,21, are the
type M=A,B errors found in terms of the type-M ver-
tical errors on data point j, σjM,k, added in quadrature
with the corresponding type-M vertical errors that were
evaluated from the corresponding errors on the horizontal
axis x with the scaled variance method, d′,jk δ
j
M,kx, where
d′,jk stands for the numerical derivative of the measured
quantity in data set Dk at the point j in the common
acceptance and δjM,kx is the j-dependent type-M hori-
zontal error. The overall correlation coefficients of the
type B errors ejB,k of Dk data sets are denoted by b,k,
respectively.
Let us demonstrate the presence of the Odderon in
elastic scattering in the TeV energy range in a new, qual-
itative manner by representing the Odderon effect as a
peak in deviation from the baseline of unity treated as
background. Considering first the background, in Fig. 2
(left) we demonstrate that the ratio of the H(x|√s) scal-
ing functions for elastic pp scattering at two distinct en-
ergies of
√
s=2.76 and 7 TeV is indeed consistent with
unity within statistical errors. This means that H(x|√s)
with x=−tB is energy-independent at least in the range
of 2.76≤√s1,2≤7 at CL = 99 %. This also indicates that
in the energy range of a few TeV, the trivial energy de-
pendence is indeed scaled out from the differential cross
section of elastic pp scattering in the H(x|√s)'H(x)=
(1/Bσel)dσ/dt function. As a cross-check of uncertain-
ties, we have considered two distinct directions of projec-
tion: direct 2.76→7 TeV and inverse 7→2.76 TeV denoted
by blue and red central points, respectively, and no signif-
icant difference has been observed. This shows remark-
able stability of our results with respect to the details
of the projection procedure. We have also observed the
same picture for the ratio of the H(x) scaling functions
at
√
s=7 and 8 TeV, H(x|7)/H(x|8), for pp collisions.
In Fig. 2 (right) we represent a statistically significant
deviation from unity in the ratio of the scaling functions
of pp and pp¯ elastic scattering, relying on the confirmed
scaling, and hence energy independence, within each of
the pp and pp¯ data sets. The ratio of the H(x) scaling
functions is shown for elastic pp¯ collisions at
√
s=1.96
4√
s (GeV) σel (mb) B (GeV−2)
1960 (pp¯) 20.2 ± 1.7A ± 14.4%C [*] 16.86 ± 0.1A ± 0.2A [29]
2760 (pp) 21.8 ± 1.4A ± 6.0%C [9, 38] 17.1 ± 0.3A [9]
7000 (pp) 25.43 ± 0.03A ± 0.1B ± 0.31C ± 1.02C [30] 19.89 ± 0.03A ± 0.27B [30]
TABLE I: Summary table of the elastic cross-sections σel and the nuclear slope parameters B, with references. We have indexed
with superscripts A,B,C the type A,B,C errors, respectively. Note that the value and the type A error of the elastic cross-section
σel at
√
s=1.96 TeV [*] is obtained from a low −t exponential fit to the data of Ref. [29], while the type C error is directly
taken from Ref. [29]. The statistical and systematic errors of dσ/dt data at
√
s=1.96 TeV were in fact added in quadrature in
Ref. [29], therefore it was done in case of the elastic slope B as well, providing a combined type A error δAB=0.224 GeV−2.
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FIG. 2: Left panel indicates that for pp elastic scattering the ratio of the scaling functions H(x|√s1)/H(x|√s2), where x=−tB,√
s1=2.76 TeV and
√
s2=7 TeV, is consistent with unity within statistical errors due to the energy independence of the H(x)
scaling, at least, in the TeV (2.76≤√s1,2≤7) energy range. The right panel indicates a statistically significant deviation from
unity of the ratios of the H(x) scaling functions for elastic pp¯ collisions at
√
s=1.96 TeV, and that of pp collisions at
√
s=7
TeV. Notation and the experimental data are the same as in Fig. 1, but represented here as ratios.
TeV over that of pp collisions at
√
s=7 TeV. As a cross-
check, we show the results of two different projection pro-
cedures: direct 1.96→7 TeV and inverse 7→1.96 TeV de-
noted by blue and red central points, respectively. No
significant variation with respect to the direction of pro-
jection has been found. In both ways, we observe a statis-
tically significant Odderon effect as a peak in the 5<x<10
region, followed by a factor of two suppression or decrease
from unity in a broad range of 10/x=−tB/20. The sta-
tistical significance of the observed difference between the
pp and pp¯ scaling functions has been found to be at least
6.26σ, consistently with the result of a direct comparison
of the scaling functions as shown in Fig. 1.
We have thus identified a new Odderon effect in the
scaling properties of pp and pp¯ scattering and quanti-
fied its statistical significance at the level of at least
6.26σ working with published data only. We have uti-
lized a new kind of scaling function, H(x), that has been
proven to be energy independent in elastic pp collisions
in a few TeV scattering domain, within the acceptance of
TOTEM measurements at 2.76, 7 and 8 TeV. This H(x)
scaling removes the trivial energy dependent terms, due
to the known s-dependence of the elastic slope B(s), the
elastic and total cross-sections σel(s) and σtot(s), and the
real-to-imaginary ratio ρ(s) [39]. In elastic pp¯ collisions
at 1.96 TeV, such a scaling appears to be violated at
x=−tB>10 signalling one of qualitative Odderon effects.
A quantitative Odderon effect is determined by a projec-
tion of the pp and pp¯ data and the corresponding uncer-
tainties to a given energy, 7→1.96 TeV and 1.96→7 TeV,
respectively. Adopting the method of Ref. [35], we find
that the combined statistical significance of the Odderon
signal in the 5<x/20 acceptance is at least 6.26σ.
If the high energy limit of proton is a black disk of
gluons, elastic scattering becomes flavor blind and the
leading squared logarithmic energy dependent terms be-
come the same for all reactions, from ppi to pγ scatter-
ing [40]. Our result of a statistically significant Odderon
observation implies, that elastic scattering is not flavor
blind even at the TeV scale. Instead of the traditional
black disc picture [40], our results thus support the newly
emerging black ring picture of protons at asymptotically
5large energies [41].
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